The influence of a high magnetic field on the viscosity of diamagnetic gases of linear, symmetric and asymmetric top molecules is studied within the frame-work of the kinetic theory based on the Waldmann-Snider equation. The quadratic Zeeman effect associated with the anisotropic magnetic susceptibility is taken into account in addition to the usual linear Zeeman splitting.
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The influence of a high magnetic field on the viscosity of diamagnetic gases of linear, symmetric and asymmetric top molecules is studied within the frame-work of the kinetic theory based on the Waldmann-Snider equation. The quadratic Zeeman effect associated with the anisotropic magnetic susceptibility is taken into account in addition to the usual linear Zeeman splitting.
A viscous flow in a polyatomic gas gives rise to a collision-induced alignment of the molecular rotational angular momentum. The alignment, in turn, affects the value of the viscosity. Hence application of an external field has an influence on the transport coefficient if the alignment is appreciably altered by the field-induced motion of the rotational angular momentum of a molecule between two successive collisions. This phenomenon, known as the Senftleben-Beenakker effect 2 , has been studied extensively both experimentally and theoretically for gases of paramagnetic and diamagnetic linear and symmetric top molecules in the presence of a magnetic field 2 , and for polar gases of symmetric top molecules in the presence of an electric field 2 . If the relevant field Hamiltonian is of dipolar type (1st order Zeeman and Stark effects) the fieldinduced change of the transport coefficients depends on the magnitudes of the magnetic and electric fields H and E and on the pressure of the gas via H/P and E/P. Polar gases of linear ^-molecules in the presence of an electric field (2nd order Stark effect) where an E 2 /P dependence can be expected have been treated theoretically 3 but no measurements have been reported so far.
In this note, theoretical expressions derived from the Waldmann-Snider equation 4 are presented for the magnetic-field-induced change of the viscosity of diamagnetic gases in the presence of strong magnetic fields. The quadratic (2nd order) Zeeman effect associated with the anisotropic molecular susceptibility is taken into account in addition to the usual linear (1st order) Zeeman effect. The quadratic term is of particular importance for heavier (organic) molecules 5 . Linear, symmetric and asymmetric top molecules are treated.
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Waldmann-Snider Equation and Field Hamiltonian
The nonequilibrium state of a polyatomic gas is characterized by the distribution function (opera The 2nd, 3rd and 4th term in Eq. (1) describe the change of due to the free flight, to the internal motion, and to the binary collisions of the molecules. For diamagnetic molecules in the presence of a strong magnetic field H = Hh(hh = l) the Hamiltonian can be written as 5 -C^hJ-hCzHzjihJJh (2) where 777 denotes the symmetric traceless part of a tensor. The coefficients Ct and C2 which, in general, depend on the internal quantum numbers of a molecule can be related to the gyromagnetic ratio and the magnetic susceptibility 5 , respectively. The commutator -(£ h)[!H, occurring in Eq. (1) can be written as
with J = J~i J. It is understood that the eigenvalues of J 2 are /'(/'+ 1) where j is the rotational quantum number. The eigenvalues of are [/'(/' +1) ] -Vl . For gaseous N2 and gases of heavier molecules at room temperature, the molecules are predominantly in rotational states with j ^ 10. Thus / (/ + 1) can be approximated by j 2 . For large j, (3) can be replaced by
For an asymmetric top molecule the frequencies oj1 and w2 are given by
The <?; are unit vectors parallel to the principal axes of the moment of inertia tensor. The gi and Xi are the diagonal elements of the molecular Rvalue tensor and of the susceptibility tensor in the principal inertial axes system. The quantity £ is given by X=i 2 yj . The nuclear magneton has been denoted by . (7) with a3 = 0. The precession frequency of the rotational angular momentum associated with the 1st order Zeeman effect is co1. The quantity co1 + co2h-J can be looked upon as a precession frequency which depends on the angle between J and the applied magnetic field.
Calculation of the Viscosity Coefficients
For all gases measured so far (except NH3) the dominant type of alignment set up by a viscous flpw and the only one considered here is characterized by the (2nd rank) tensor polarization (alignment)
For convenience, the normalization factor occurring in (8) has been chosen such that =5. Transportrelaxation equations for the friction pressure tensor p and the tensor polarization can be derived from the Waldmann-Snider equation by application of the moment method 8 ' 9 . The quadratic Zeeman term in the Hamiltonian (2) couples a with the vector polarization (J~1J) and the 3rd rank tensor polarization (J~3 J J J). Thus similar complications as discussed in Ref. 3 (see also Ref. 10 ) in connection with the 2nd order Stark effect arise here.
If the relaxation frequency of the n-th rank tensor polarization (n = 1, 3, 4,...) is approximately equal to the relaxation frequency coa of the 2nd rank tensor polarization a simpler solution procedure can be used. This method works as follows.
Firstly, the usual transport-relaxation equation is derived for the friction pressure tensor p = n(cp) (p = m C, m is the mass of a molecule). To this purpose, Eq. (1) is multiplied by /0Cp and then the integration over the linear momentum and the trace "Tr" is performed. Subject to the assumption that the tensor polarization a is the only type of collision-induced alignment which is produced by p 4= 0, and if spatial gradients of nonconserved quantities are disregarded, one obtains 8 ' 9 3p 31 + 2PVu + c'VP +ojpaV2P sl = 0 .
Here P^nk^T and V = (c) are the equilibrium pressure and the flow velocity of the gas; cop and copa are relaxation coefficients which can be expressed in terms of collision integrals evaluated with the Waldmann-Snider collision operator. Some of their properties will be discussed later.
Next, an equation for a is needed. To circumvent the above mentioned difficulties connected with the 2nd order Zeeman term, an equation for a: [cf. Eq. (8)] is first derived from Eq. (1) rather than the usual transport-relaxation equation 8 ' 9 for a. To this purpose, Eq. (1) is multiplied by /0 and integrated over the linear momentum. Subject to the same assumption which led to Eq. (9) one finds
(O n n c-1
with two additional relaxation coefficients coa and ojap. Time reversal invariance of the molecular interaction implies the Onsager relation coap = copa .
The inequalities ojp > 0, coa > 0, and cop co.A > co.apguarantee the decay to equilibrium.
Equation (10) can be cast into a more tractable form with the help of the 4-th rank projection tensors 9 PW (m = 0, ±1, ±2). They describe the rotation of a 2nd rank tensor about a direction specified by the unit vector h. The definitions are introduced. Furthermore, use is made of the following properties
<£. a(m). = <£(-«). a(rn) ? (13) [h J,
Thus, Eq. (10) is equivalent to <l>(-m). 3a( m )/3f
where is defined analogous to (11) .
For the treatment of the viscosity problem, a steady state situation is considered, i. e. the time derivatives in Eqs. 
The alignment tensor SL^m > needed in Eq. (9) The positive quantity A is essentially a measure for the strength of the collision-induced coupling between p and a. It is defined by
In Eq. (21) terms nonlinear in A have been disregarded since A can be expected to be of the order 10~2 or even smaller. The possibilities to measure the 5 independent viscosity coefficients have been discussed in Refs. 9 and 1X .
Magnetic Field and Pressure Dependence of the Viscosity
For the Senftleben-Beenakker effect, the relative magnetic-field induced change of the viscosity, i. e.
is of interest where v\= (P/wp) (1-f A) is the field free viscosity. From Eqs. (19), (21) one infers
Km = *&(«):<&(-«). (27)
Notice that £0 = 0. In Eqs. (24), (25), averages over the magnetic, the rotational and the ^-quantum numbers have to be performed. In this connection it is of importance to note that and
Expressions similar to (24), (25) with (28), (30) have been obtained previously 12 for the Senftlebeneffect 13 of the paramagnetic gas 02 subject to approximations referred to as the "uncoupled model". Next, the dependence of em on the magnitude H of the magnetic field and on the number density n is considered. The relaxation coefficients cop, coa,... are proportional to the number density. Hence (px and <p2 are proportional to H/n and H 2 /n, respectively. At constant temperature, one has qp1~H/P and <p2~H 2 /P where P is the pressure. Thus the presence of the 2nd order Zeeman effect leads to deviations from the usual H/P dependence of the Senftleben-Beenakker eifect.
The relative importance of the 2nd order Zeeman effect for the magnetic field dependence of the viscosity is determined by the ratio <p 2 /cp 2 = oj. 2 
/oj^2 .
To obtain an appreciation for the orders of magnitude involved the ratio of the averaged quantities The resulting ratio y/<p is equal to 0.05 and 0.7 for N2 and C6H5F, respectively. Hence the quadratic Zeeman effect can be disregarded for N2 even at 100 kG. This, however, is not the case for a gas of molecules like CcH5F. 
(35) 
For ip = 0, (38) and (39) reduce to l-(l+t» _1 or as (cf. 33) and 1-(l+2i»~1.
y<= (H/H*) cp.
For the purpose of plotting Fm and Gm, a numeriThe reference number density n* and the refercal integration of (36), (37) is more convenient. ence magnetic field strength H* are given by Next, it is noticed that xp can either be written as n* = u^2g2 j2 fr /jyj -l ? In (43), Vth is a thermal velocity. The effective cross section oa is defined by toa = n vth oa . Relations (41), (42) indicate that the 2nd order Zeeman effect gives rise to an extra density dependence or an extra H dependence in addition to the usual H\n or H/P dependence of the viscosity unless one has n<n* or H < H*. For N2 and C6H5F the characteristic magnetic field strength H* is of the order of 2000 kG and of 140 kG, respectively. A crude estimate for n*, as given by (43), yields, with 0a^5OxlO~1 6 and 150 X 10~1 6 cm 2 , n* « 10 19 cm -3 and 3 x 10 16 cm -3 for N2 and C6H5F, respectively. These number densities correspond to pressures of roughly 300 Torr and 20 Torr at room temperature.
In Figs. 1 -4 , Fm and Gm (m = 1, 2) as given by (36), (37) have been plotted as functions of mcp. The parameter is the ratio ß = n/n*, cf. Equation (41). The curves labelled by I to VI pertain to ß = 0, 0.5, 1, 2, 4, 8, respectively. The value ß = 0 (curves I) corresponds to the case where the 2nd order Zeeman effect is absent. Notice that the influence of the 2nd order Zeeman effect is more pronounced for Ft and G1 than for F2 and G2 • Furthermore, it is obvious that Gl and G2 which are associated with the transverse viscosity coefficients are more dramatically affected by the 2nd order Zeeman effect than F1 and F2.
Final remarks
The influence of a magnetic field on the heat conductivity of a diamagnetic gas can be treated theo-retically similar to the magnetic-field-induced change of the viscosity which has been considered in this note. Measurements of the influence of strong magnetic fields on the transport properties are desirable for gases of molecules where the 2nd order Zeeman effect associated with the anisotropic magnetic susceptibility is expected to play an important role. This is the case e. g. for C6H5F, C6H6 and heavier organic molecules in fields over 100 kG.
Finally, it seems worth mentioning that the expressions (24), (25) and (34) -(39) can also be applied to polar gases of linear ^-molecules in the presence of an electric field (2nd order Stark effect), as well as to the case of a spatially inhomogeneous electric field (where the molecular quadrupole energy has to be taken into account) if a>2 is appropriately modified. In these case no transverse effect exists (rjW real) unless a magnetic field is present at the same time.
